The adult mammalian heart was previously considered to be a terminally differentiated, postmitotic organ. However, some years ago, data from sex-mismatched heart transplantation studies challenged this notion. In female transplants, a considerable frequency of Y chromosome-positive cardiomyocytes of recipient origin was found [1] . In contrast, other similarly designed studies found no [2] or very little [3, 4] evidence of recipient-derived cardiomyocytes in sex-mismatched heart transplantations. Data from sexmismatched heterotopic heart transplantations in rats [5] confirmed the very low regeneration rates seen in the majority of transplantation studies [3, 4] . Much of this controversy may be due to methodological problems with the histological detection of the Y chromosome in tissue sections. Therefore, it is still controversial whether bone marrow-derived cells are able to regenerate myocardial tissue after myocardial injury by differentiating into functional cardiomyocytes.
it is heat labile, and the enzyme activity is destroyed during paraffin embedding. Therefore, pre-embedding staining methods or immunohistochemistry are necessary to visualize the marker. GFP can easily be visualized in living cells because of its fluorescent properties. However, the fluorescent properties of GFP are greatly diminished during normal paraffin embedding, and sensitive detection of GFP in paraffin sections requires either sophisticated equipment or immunohistochemical detection methods [13] . Thus, the usefulness of GFP for histological studies is limited.
The current study employs human placental alkaline phosphatase (hPLAP) as genetic marker. hPLAP retains its enzymatic activity after paraffin as well as plastic embedding, and allows sensitive tracing of labelled cells in the total absence of background staining [14, 15] . Because hPLAP is a heat-stable enzyme, endogenous alkaline phosphatases can be blocked by heat inactivation. The robust detection methods for this marker enzyme overcome the problems with fluorescent marker proteins such as GFP and non-specific tissue autofluorescence. Here, we used hPLAP as genetic marker to examine the role of endogenous BMC in longterm cardiac repair after myocardial anterior wall infarction. We lethally irradiated inbred wild-type Fischer 344 (F344) rats, and reconstituted them with BM from hPLAP transgenic (hPLAP-tg) F344 donors overexpressing hPLAP under the R26 promoter [14] . hPLAP-tg rats show ubiquitous, uniform and stable expression of this genetic marker [14] . Subsequently, we examined the homing of endogenous hPLAP-labelled BMC after experimentally induced MI in these BM-transplanted (hPLAP-BMT) rats. It has been shown that irradiation and co-isogeneic BMT prior to induction of MI have no effect on the inflammatory processes during infarct repair [11] . Therefore, it is thought that co-isogeneic BMT does not influence the remodelling processes after MI.
All experimental procedures were conducted in compliance with prevailing animal welfare regulations, and were approved by the Ethical Committee of the University of Veterinary Medicine Vienna. Twenty-six wild-type female F344 rats received a lethal dose of whole body irradiation at the age of 18 weeks in a single dose of 8 Gray using a linear accelerator (6MV, Primus, Siemens, Vienna, Austria). Six to 8 hrs after irradiation, animals were reconstituted by intravenous administration of 4 ϫ 10 6 BMC isolated from coisogeneic hPLAP-tg littermates as described previously [15] . Three weeks later, rats underwent sham surgery (n ϭ 3) or induction of MI (n ϭ 4-6 per time point) under medetomidine/midazolam/fentanyl anaesthesia and controlled ventilation with 100% oxygen. Following left lateral thoracotomy, the left coronary artery (LCA) was ligated for 30 min. to induce myocardial ischaemia, and then reperfused. Sham-operated (SHAM) animals underwent the identical procedure except ligation of the artery. Rats were killed 2, 5 and 17 weeks after MI by exsanguination from the abdominal aorta under ketamine/xylazine anaesthesia. Because hPLAP enzyme activity is sensitive to formaldehyde fixation [15] , hearts were fixed in 40% ethanol, and embedded in paraffin.
Our previous data suggested that hPLAP is ubiquitously expressed in hPLAP-tg rats [14, 15] . An obvious prerequisite for the current study was that hPLAP-tg cardiomyocytes express the transgene. Figure 1A shows intensely stained myocardium from a hPLAP-tg rat, demonstrating that the marker enzyme is strongly expressed in cardiomyocytes of hPLAP-tg rats. In accordance with our earlier results in hPLAP-BMT rats [15] , we found only hPLAPpositive BM-derived capillary endothelial cells in the heart muscle of SHAM animals, but no hPLAP-positive cardiomyocytes as judged by cell morphology (Fig. 1B) . For double staining of hPLAP-positive cardiomyocytes and endothelial cells, we combined histochemical hPLAP staining after heat inactivation and immunohistochemical staining with tomato lectin (Fig. 1C) for endothelial cells, and against alpha-sarcomeric actin (␣SA, Fig.  1D ) for cardiomyocytes. Double staining revealed hPLAP-positive endothelial cells but no hPLAP-positive cardiomyocytes, showing that bone marrow is a source of capillary endothelial cells but not of cardiomyocytes in the healthy heart (Fig. 1A-C) .
Temporary occlusion of the LCA resulted in large areas of ischaemic myocardium, as shown by Masson trichrome (MT) staining ( Fig. 2A-C) . As expected, serial sections stained by histochemistry (HC) for hPLAP showed co-localization of the infarcted heart muscle and the hPLAP-positive BM-derived cell infiltrate ( Fig. 2D-F) . Infiltration of the damaged myocardium by BM-derived cells decreased over time, and only few of the cells recruited from BM were found in the scar at the end of the study (Fig. 2D-I ).
To examine further the nature of the cells recruited from BM, we performed double stainings (Figs 3-5), and quantified single and double positive cells in the infarct and peri-infarct regions (Fig. 6 ). Heart sections were stained for hPLAP by immunohistochemistry (IHC) or HC, and, subsequently, for CD68, vimentin, smooth muscle actin (SMA), connexin 43, ␣SA by IHC or by tomato lectin. CD68 was used as a marker for macrophages, vimentin as marker for early differentiated cardiomyocytes [16] , endothelial cells and fibroblasts, SMA as marker for myofibroblasts, smooth muscle cells and precursors of cardiomyocytes [17] , connexin 43 and ␣SA as markers for mature cardiomyocytes, and tomato lectin as marker for endothelial cells.
Two weeks after MI, a large proportion of the BM-derived inflammatory cell infiltrate in the infarct area consisted of CD68-positive macrophages ( 3B-E, 4D-F, 5E and F). A considerable number of hPLAP-positive, BM-derived cells in the infarct region stained positive for the endothelial cell marker tomato lectin, especially at 2 weeks after MI (Fig. 6D) . However, the number of endothelial cells of BM origin decreased with time (Figs. 4A, 5A, 6D) , and only few of them persisted in the scar until 17 weeks after MI (Figs. 5D, 6D ). These findings indicate that BM serves as a major source of endothelial cells, fibroblasts and myofibroblast-like cells during the early phases of cardiac repair. However, only few of the BM-derived myofibroblast-like and endothelial cells persisted in the scar until 17 weeks after MI. A limitation of our data is that SMA is not a specific marker for myofibroblasts. A clear definition of myofibroblasts requires electron microscopy.
Our data are at variance with the study by Yano et al. [18] in athymic rats transplanted with BM of GFP transgenic mice. The latter authors reported that myofibroblasts are exclusively of local origin, 1 week after MI. However, because T cells may be involved in the recruitment of BM-derived myofibroblasts to the infarct site, the use of athymic rats lacking T cells could be a possible explanation for the lack of BM-derived myofibroblasts in Yano's study [18] . Similar to our data, Möllmann et al. [11] reported that more than 50% of myofibroblasts in the infarcted myocardium derived from BM, whereas the remaining myofibroblasts derived from local resident precursor cells, 1 week after MI. The proportion of , D) , showing BM-derived hPLAP-positive capillary endothelial cells (arrows) but no double positive cardiomyocytes in SHAM rats, 2 weeks after surgery. Double staining of myocardial tissue was performed as follows: In a first step, histochemical detection of hPLAP-positive cells was performed after heat inactivation of endogenous alkaline phosphatases (AP) by incubating the slides for 5 hrs with the AP substrate Vector Blue (Vector, Burlingame, CA, USA) at room temperature in the dark. After quenching of endogenous peroxidase activity by using 3% H2O2 in phosphate-buffered saline (PBS) for 15 min., slides were incubated with 20% horse or rabbit serum (Vector) for 20 min. Thereafter, slides were incubated with mouse anti-␣SA (Sigma) diluted 1:500 in PBS containing 5% horse serum at 4ЊC over night. Bound antibody was detected by incubation with biotinylated rat adsorbed horse antimouse antibody (Vector) 1:50 for 1 hr at room temperature. Staining was accomplished by applying ABC-peroxidase complex (Vector) for 30 min., followed by incubation with the peroxidase substrate VIP (Vector) for 0.5-min., resulting in purple staining of positive cells. For detection of endothelial cells after histochemical hPLAP staining and peroxidase blocking, slides were incubated with the biotinylated tomato lectin Lycopersicon esculentum (Vector) 1:200 for 2 hrs at room temperature. Visualization was performed by ABC kit as described above. No counterstaining was carried out and slides were mounted with gelatin (Merck, Darmstadt, Germany). Five-m-thick paraffin sections of 40% ethanol-fixed hearts. Bar ϭ 50 m.
BM-derived myofibroblast-like cells decreased over the time period from 2 to 17 weeks after MI in our study. Virag and Murry [19] showed that the peak of myofibroblast influx is 4 days after MI in mice. Therefore, our data support the notion that influx of myofibroblasts from BM occurs predominantly during the early phases of cardiac repair. At later phases, only few BM-derived cells are recruited to the infarct site or persist in the scar.
In the peri-infarct regions, the number of CD68-, vimentin-and SMA-positive cells was generally lower compared with the infarct area ( Fig. 6E-G) . However, the ratio of single positive to double positive cells and the decline over time after MI was similar in infarct and peri-infarct regions.
Generally, co-staining of hPLAP and connexin 43 (Figs. 3F and G, 4B, 5B) or ␣SA (Figs. 3H, 4C, 5C ) as markers of mature cardiomyocytes was absent throughout the study. Only a single hPLAP and ␣SA-double positive cardiomyocyte-like cell could be found 17 weeks after MI induction in all sections analysed (data not shown). Interestingly, we found hPLAP-negative cells with a clear cardiomyocyte-like phenotype in peri-infarct areas staining strongly positive for vimentin (Figs. 4H and 5G) or SMA (Figs. 3D, 4G and 5H) especially at 5 and 17 weeks after MI. These cells may be early differentiated cardiomyocytes [16, 17] . Taken together, our findings suggest that local cardiac progenitor cells are the major source for regeneration of cardiomyocytes, not BM-derived cells. Although myofibroblast-like cells were recruited from BM during cardiac healing, differentiation of BM-derived cells into cardiomyocytes was an extremely rare event. In a similar fashion, Möllmann et al. [11] found very little evidence of cardiomyogenic differentiation of BMC at 3 weeks after MI. In contrast, some earlier studies reported cardiomyogenic differentiation of BMC after MI in rats and mice [8-10, 12, 20] . Some [9, 12, 20] , but not all [8, 10] , of these studies used growth factors for mobilization of BMC. The mobilization of BMC by growth factors may explain some of these controversies. In addition, it was suggested that differentiation of BMC into cardiomyocytes occurs through cell fusion [20] . However, the present study employing the robust marker hPLAP clearly demonstrated that neither cardiomyogenic differentiation of BM-derived cells nor cell fusion of cardiomyocytes with BMC play an important role in the physiological healing processes after MI.
In conclusion, the inflammation-induced influx of BM-derived cells into the infarction area in our model was restricted to leukocytes, endothelial cells, fibroblasts and myofibroblast-like cells. Our long-term analysis casts doubt on the hypothesis that circulating BM-derived mesenchymal precursor cells participate in cardiomyogenesis after MI. Rather, we found evidence of cardiomyogenic differentiation of local cardiac progenitor cells in the peri-infarct regions during the later phases of cardiac repair. It is Heart sections were stained for hPLAP by histochemistry, and subsequently for CD68, vimentin, and SMA by immunohistochemistry, or by tomato lectin. In each animal, 10 optical fields each in the infarct and peri-infarct region were analysed in 2 slides each with the help of an ocular grid at ϫ400, using a Zeiss Axioskop II microscope. The peri-infarct region was defined as the region extending 200 m beyond the border of the infarct region. Each data point is the mean Ϯ S.E.M. of 3-5 animals.
clear that during physiological healing of myocardial lesions, the number of newly formed cardiomyocytes is insufficient for the repair of the infarcted myocardium. However, the cardiac regeneration potential of these local mesenchymal precursors might be exploited for therapeutic purposes in the future.
